Wild female black flies attracted to a man or an idling automobile were collected at Oita, Japan where five cases of zoonotic onchocerciasis had occurred. Among the five Simulium species captured, 2 % of Simulium bidentatum, the predominant species, were infected with filarial larvae. There were at least two types of infective larvae, types A and B, based on morphometric observation. Moreover, molecular analysis of the mitochondrial cytochrome c oxidase subunit 1 (CO1) gene revealed that types A and B were represented by a single unknown species of Onchocerca and two species, i.e., Onchocerca dewittei japonica from wild boar, the causative agent of zoonotic onchocerciasis in Japan, and an undescribed Onchocerca sp. from wild boar, respectively. Phylogenetic analysis based on the sequences of the mitochondrial 12S ribosomal RNA (12S rRNA) gene also showed that type A is likely to be an unknown species of Onchocerca. Natural infection of black flies with infective larvae of O. dewittei japonica and O. sp. was demonstrated for the first time. The present study strongly suggests that S. bidentatum plays a role as a vector in the transmission of zoonotic onchocerciasis due to O. dewittei japonica in Japan. 
INTRODUCTION
Z oonotic onchocerciasis is a rare infection in humans. The Onchocerca species involved and their life cycles are poorly known. Out of 15 cases described so far, five have been reported from Oita, Japan (Beaver et al., 1989; Hashimoto et al., 1990; Takaoka et al., 1996 Takaoka et al., , 2001 Takaoka et al., , 2004 Takaoka et al., , 2005 . During investigation of its transmission in Japan, we have proved that the causative agent of Japanese cases is Onchocerca dewittei japonica Uni, from wild boar Sus scrofa Linnaeus, 1758 Uni et al., 2001) , and that experimentally infected black flies (Diptera: Simuliidae) are able to support the larval development of the agent (Fukuda et al., 2008) . In addition, we have shown that mitochondrial cytochrome c oxidase subunit 1 (CO1) gene is useful to distinguish three Onchocerca species in Japan, O. dewittei japonica, an as yet unnamed another Onchocerca sp. from wild boar (abbreviated O. sp. hereafter) and O. gutturosa Neumann, 1910 from cattle (Bos taurus Linnaeus, 1758), all of which are morphologically indistinguishable from one another at the infective larval stage (Fukuda et al., 2010) . To search for the natural vectors of O. dewittei japonica, we investigated infections of black flies with filarial larvae in Oita, Japan and attempted to identify infective larvae found on the basis of the analysis of the mitochondrial CO1 and 12S ribosomal RNA (12S rRNA) gene sequences.
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MATERIALS AND METHODS

COLLECTION AND DISSECTION OF ADULT BLACK FLIES FOR FILARIAL INFECTIVE LARVAE
A dult black flies were collected at a site (about 33˚ 10' N and 131˚ 33' E: ca. 120 m in altitude) in Megusuno, Oita City, Oita Prefecture, Japan from May to December, 2006, and in September, 2008 , for 1-3 hours in the morning. The site is 7.5 km from the area where the zoonotic Onchocerca infection (the fourth case in Japan) was presumed to have occurred (Takaoka et al., 2004) . Female flies attracted to a man or an idling automobile were captured by an insect net. A total of about 100 females were collected within six days almost every month. The flies collected in 2006 were housed individually, fed on 30 % sucrose solution at 25°C for 10 days and stored at -20°C, while those collected in 2008 were stored at -20°C without being reared. All the flies were identified morphologically using the keys of Takaoka (1977) , and dissected in 0.9 % saline solution. Morphological generic identification of infective larvae (third-stage larvae) recovered followed Bain & Chabaud (1986) . In addition, infective larvae of Onchocerca species were grouped into two types (A with the body width over 23 µm and esophagus shorter than half of the body length; B with the body width narrower than 23 µm and esophagus longer than half of the body length) (Fukuda et al. (2008) 
REGIONS
The mitochondrial CO1 gene was amplified using the primer set CO1intF-CO1intR (Casiraghi et al., 2001) as described elsewhere (Fukuda et al., 2010) . Briefly, PCR was performed in a final volume of 50 µl containing 1 × Ex Taq buffer including 2 mM Mg 2+ , 200 µM each of dNTPs, 0.1 µM each of primers, 1.25 units of Ex Taq Polymerase (TAKARA BIO INC., Otsu, Japan), and 3 µl of template DNA under the following thermal conditions: an initial denaturation at 94°C for 3 min, followed by five cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min and 37 cycles of 94°C for 30 s, 48°C for 30 s, and 72°C for 1 min. The mitochondrial 12S rRNA gene of three of nine samples was also amplified with the primer set 12SF-12SR described by Casiraghi et al. (2004) in the same reaction mixture as above. The thermal profile was as follows: 40 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for 90 s (Casiraghi et al., 2004) . PCR products were purified with a QIA quick PCR Purification Kit (QIAGEN) and directly sequenced using the PCR primers, a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), and an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems). Sequence data were deposited in DDBJ/EMBL/GenBank under the following accession numbers AB518872-AB518879.
DATA ANALYSIS
All the sequences obtained from both genes were aligned with published sequences of O. dewittei japonica, other Onchocerca species, Loxodontofilaria species and other filaria species using clustal W (Thompson et al., 1994) in BioEdit program ver. 7.0.5.3 with default setting (Hall, 1999) . Alignment gaps were removed for the following analyses. Using these alignments, sequences were compared, neighbor-joining trees (Saitou & Nei, 1987) were constructed, and bootstrap probabilities were estimated, all by MEGA ver. 4.0.2 based on 585 bp of the CO1 gene and 375 bp of the 12S rRNA gene (Tamura et al., 2007) , respectively. The Kimura 2-parameter method was used to estimate evolutionary distances in the trees. Accession numbers of sequences taken from databases are as follows: O. armillata Railliet & Henry, 1909 (12S rRNA, DQ523736) 
RESULTS
BLACK-FLY SPECIES COLLECTED
A total of 1,094 females of five black-fly species were collected (Table I) . Simulium bidentatum (Shiraki, 1935) was the most abundant while four other species, S. quinquestriatum (Shiraki, 1935) , S. arakawae Matsumura, 1915 , S. japonicum Matsumura, 1931 and S. oitanum (Shiraki, 1935 , were present in smaller numbers, especially from June to October. Table II shows the results of dissections of black flies collected. Natural filarial infections were found in 2 % (20/1,007) of S. bidentatum. No infection was found in the other species. Sixteen of 20 infected flies had one to eight infective larvae. The infective larvae were classified into two types (designated as types A and B) of Onchocerca species based on their morphology (i.e., caudal morphology, body length, body width, and length of esophagus relative to body length, though the esophago-intestinal junction was unclear in many larvae). Of 25 infective larvae from 14 flies measured, six were type A with a thicker body (774.4-1,382.7 µm long by 24.6-26.7 µm wide) and shorter esophagus, while 19 were type B with a thinner body (718.3-1,117.9 µm long by 17.8-21.5 µm wide) and longer esophagus (Table III) . The infective larvae of both types were recovered from the head, thorax and abdomen of the flies. Two flies harbored one second-stage larva and one first-stage larva, respectively. One fly harbored both of them. All of these larvae were found in the thorax. Four flies harbored one to three microfilariae, all of which were found in the thorax, except one microfilaria which was found in the head. 
NATURAL INFECTIONS WITH FILARIAL LARVAE
Mf, microfilariae; L 1 , first-stage larva; L 2 , second-stage larvae; L 3 , third-stage larva(e); -, relative data not obtainable. 
MOLECULAR IDENTIFICATION OF INFECTIVE LARVAE FROM WILD-CAUGHT BLACK FLIES
Nine (L-1-L-9) of the 25 infective larvae morphologically classified as two types were used for determination of the mitochondrial CO1 gene region (Table IV) . All the sequences were 649 bp long. Compared with other Onchocerca species available in databases, among six larvae of type B (L-1-L-6), five (L-1-L-5) were identical or similar to O. dewittei japonica (nucleotide difference: 0-0.7 %) and one larva (L-6) was identical or similar to O. sp. (nucleotide difference: 0-0.2 %), where differences between type B and other Onchocerca species were 7.5-11.8 %. The nucleotide and amino acid sequences of three larvae of type A (L-7-L-9) had difference of more than 9.1 % and 0.9 % from any Oncho- (Fukuda et al., 2010) . b The CO1 sequence was identical to that of AB518694 (Fukuda et al., 2010) . c The CO1 sequence was identical to that of O. sp. (type A) (L-7). cerca sequence in databases, respectively. The phylogenetic relationship between type A, type B, 10 Onchocerca species, one Loxodontofilaria species, and two other filaria species (as outgroups), is shown in the neighbor-joining tree (Fig. 1) . For the three infective larvae of type A, the sequences of the mitochondrial 12S rRNA gene were also determined (Table IV) . The lengths of the sequences were 471 bp for L-7 and L-8, and 470 bp for L-9. There was one nucleotide difference between L-7 and L-8. The sequences of L-7 and L-9 were identical to each other except for one nucleotide deletion in L-9. The sequences were compared with those of all the Onchocerca species and one Loxodontofilaria species available in GenBank. Table V shows the numbers of nucleotide differences over 375 sites. As was the case with the sequences of the CO1 gene, the sequences of type A were not identical or similar to any sequences in databases, where differences between type A and 18 filaria species (17 Onchocerca species and one Loxodontofilaria species) were 5.9-9.1 %. The phylogenetic relationship of type A with 17 other Onchocerca species, one Loxodontofilaria species, and two other filaria species (as outgroups), is shown in a neighbor-joining tree (Fig. 2) .
DISCUSSION
I n this study, two types (types A and B) of infective larvae classified by their morphology were recovered from S. bidentatum, the most abundant and anthropophilic black-fly species, near an area of zoonotic onchocerciasis in Japan. According to our previous study (Takaoka & Bain, 1990; Fukuda et al., 2008) (Table IV) . It is noteworthy that L-5 which was recovered from a female fly not reared after the collection was identified as O. dewittei japonica. This means that S. bidentatum has an ability to support larval development of the parasite to the infective stage in nature as well as in the laboratory. Type A is presumed to be identical to type I from black flies collected in a cattle shed (Takaoka & Bain, 1990) . It had been suggested that type I was L. caprini, adult worms of which were found in a serow Naemorhedus crispus (= Capricornis crispus) (Temminck, 1845) in Oita (Uni et al., 2006) . However, in our previous study (Fukuda et al., 2008) sity of this genus in Japanese wild ruminants is still not completely understood.
In conclusion, we found for the first time that anthropophilic S. bidentatum was naturally infected with infective larvae of O. dewittei japonica, the causative agent of zoonotic onchocerciasis in Japan, and a related O. sp. Analysis of mitochondrial sequences enabled us to identify the infective larvae of three Onchocerca species, two of which are morphologically indistinguishable. This study is the first report of molecular identification of infective larvae of Onchocerca species found in wild-caught black flies. It strongly suggests that S. bidentatum plays a role as a vector in the transmission of zoonotic onchocerciasis due to O. dewittei japonica in Japan.
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